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The effect of chromium, phosphorus, silicon and sulfur on the stress corrosion cracking of 304L stainless steel in CERT
tests in high purity water or argon at 288°C following irradiation with 3.4 MeV protons at 400°C to 1 dpa, has been
investigated using ultrahigh purity alloys (UHP) with controlled impurity additions. Grain boundary segregation of
phosphorus or silicon due to proton irradiation was quantified using both Auger electron spectroscopy and scanning
transmission electron microscopy. and the alloys with impurity element additions were observed to have greater grain
boundary chromium depletion and nicke! enrichment than the UHP alloy. The UHP alloy suffered severe cracking in CERT
tests in water. Less cracking was found after CERT tests of irradiaied UHP+P or UHP+Si alloys, despite greater
chromium depletion. This suggests a mitigating effect of phosphorus and silicon at grain boundaries. No cracking was four .;
in argon tests, eliminating a purely mechanical embrittlement mechanism, but not eliminating a contribution from radiation

hardening. Implanted hydrogen was not a factor in the intergranular cracking found.

1. Introduction

Irradiation assisted stress corrosion cracking
(IASCC) has been described as the accelerated inter-
granular cracking of materials exposed to ionizing radi-
ation {1,2], and is a major concern in light water
reactors around the world. While the mechanism by
which this cracking occurs has not been established,
the growing body of research concerning IASCC has
identified some ot the major material and environmen-
tai factors which are involved. Much research has been
conducted to characterize the role of environmental
factors, principally oxygen concentration, electrochemi-
cal potential, and impurity ion concentration, on the
crack propagation rate in furnace sensitized austenitic
stainless steel at high temperature [3-5]. However, the
difficulty, expense, and time required to test neutron
irradiated specimens has meant that the stress corro-
sion cracking consequences of radiation induced mi-
crostructural and microcompositional changes have yet
to be extensively investigated.

The microstructura! and microchemical features, or
persistent effects due to neutron exposure, can be
modeled by other forms of radiation such as heavy

ions, helium, and protons in much less time and with
little or no sample activation. Studies of stainless steel
specimens irradiated with 5 MeV or 46.5 MeV nickel
ions examined radiation damage and radiation induced
segregation [6,7). However, because of the limited ion
range (1-5 pm), the effect of radiation on intergranu-
lar SCC could not be studied in specimens with grain
sizes similar to commercial alloys (20-30 pwm). Other
work using up to 60 MeV helium ions has induced
YASCC in specimens 400 wm thick [8], but the consid-
erable irradiation time required and the residual activ-
ity induced by these irradiations complicate this tech-
nique and make it less viable to gather the large
number of data points required to systematically study
IASCC.

In contrast to these methods of irradiating stainless
steel, 3.4 MeV protons induce nearly uniform damage
along 38 pm of the 43 pm range (with the nonuniform
end of range damage concentrated in a 5 pm wide
peak), and are inexpensive to perform. With a grain
size of approximately 10 um, 3.4 MeV protons pene-
trate roughly 4 to 6 grains with a fairly uniform dis-
placement rate. The energy of the ions is low enough
to keep the activation of the specimens to levels at
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which no special handling is required. As with other
types of ion irradiation [6,7], the temperature at which
the proton irradiations are conducted must be greater
than that of neutron irradiaticn in order for the rate of
thermal processes to match the higher displacement
rate of the incident protons compared to that of neu-
trons. Thus, an irradiation time on the order of 20-60
h is required to reach the displacements per atom
(dpa) range of interest in light water reactor cores. In
this way the microstructural features of an in-core
irradiated stainless steel specimen can be modeled
validly at a fraction of the time and cost.

Modeling microstructural features is an essential
part of studying irradiation assisted stress corrosion
cracking, as the persistent effects of neutron irradia-
tion have ‘mportant implications for the stress corro-
sion cracking susceptibility of irradiated stainless steels
[1,2]. These effects include the redistribution of ele-
ments at the grain boundaries, principaliy chromium
depletion and impurity enrichment di:< to vacancy and
interstitial defect fluxes, and the hardening of the
microstructure due to the formation of dislocation loops
and other extended defects. A great deal of research
has identified grain boundary chromium depletion due
to precipitation of chromium carbides during thermal
treatments as the dominant cause of stress corrosior
cracking in unirradiated stainless steel [9-12]; as a
result, the depletion of chromium at grain boundaries
due to irradiation is regarded as very significant [1,2].
A threshold minimum grain boundary chromium con-
centration of 14.0 wt% (15 at%) in thermally treated
304 stainless steel was identified by Bruemmer ¢t al. [9}
above which little IGSCC occurred. However, extrapo-
lating these results to irradiated material is limited by
both the difference between the grain boundary deple-
tion width of irradiated stainless steel compared with
thermally treated stainless steel, and the simultaneous
hardening of irradiated stainless steel [1,2]). Thus, the
effect of chromium depletion in IASCC has to be
examined with irradiated specimens. Studies using
specimens irradiated in-core have found grain bound-
ary chromium depletion from 18.8 wt% (20.0 at%) to
15.8 wt% (16.8 at%) at a fluence of approximatcly
1 X 10% neutrons/m> (E > 1 MeV) [13,14]. As a flu-
ence of 0.7 X 10 neutrons/m* (E > 1 MeV) has been
correlated with a damage ievel of 1 displacement per
atom (dpa) [1], this corresponds to a damage level of
approximately 1.5 dpa. S:udies using irradiated speci-
mens indicate a possible relationship between deple-
tion and IASCC [13-17}, but isolating the effect of
chromium depletion in irradiated specimens is coinpli-
cated by both impurity segregation and radiation hard-

ening which occur along with chromium depletion.
Consecquentiy, no studies have unequivocally assessed
the degree to which chromium depletion is important
in the YASCC process.

Studies of unirradiated stainless steel have shown
that the enrichment of impurity elements such as phos-
phorus and/or sulfur at the grain boundary due to
irradiation may be important in IASCC. The thermal
segregation of phosphorus and sulfur in stainless steel
to grain boundary concentrations higher than these
found in radiation-induced segregation studies caused
little increase in intcrgranular cracking in phosphorus-
doped alloys, greater intergranular cracking in sulfur-
doped alloys, and low levels of IG cracking in alloys
doped with both sulfur and phosphorus, in high tem-
perature, pH = 2.5 water [4,5]. Experiments in boiling
concentrated nitric acid linked both phosphorus and
sulfur to greater environmental cracking [18]. Studies
using irradiated specimens have not resoived how SCC
behaviour is modified by grain boundary impurity en-
richment [8,16,17] due to irradiation. Some direct com-
parisons between high purity and commercial purity
heats have been made, but the results are rather con-
tradictory, partially due to unsystematic composition
variations in the original materials. After CERT tests
performed in high temperature, high purity water on
304 stainless steel specimens irradiated with 60 MeV
helium ions between 288 and 300°C to a damage level
of 0.4 dpa, Fukuya et al. [8] found greater elongation at
failure for the two specimens dcped with phosphorus
than for the undoped specimens. Our previously re-
ported work [19] found a similar effect of phosphorus
in high purity 304 stainiess stee! alloys irradiated with
3.4 MeV protons at 400°C to 1 dpa. However, further
work to examine the nature of the effect of phosphorus
identified in these preliminary studies is necessary. No
systematic investigations regarding tire possible role of
sulfur in IASCC have been reported.

As silicon does not segregate thermally, the only
studies assessing the role of grain boundary errichment
of silicon involve irradiation [1]. While silicon has been
observed to enrich at the grain boundaries under neu-
tron irradiation. and after nickel ion irradiation
[7.13,14.16], the effects of its presence are uncertain.
Jacobs et al. [16] found that neutron irradiated com-
mercial-purity specimens were scmewhat more likely to
crack than high-puritv specimens and attributed this
difference to the presence of silicon, which was the
most significant difference between the grain boundary
compositions of the commercial and high purity heats.
However, they subsequently reported no direct correla-
tion between cracking and silicon enrichment [14].
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Fukuya et al. [8], in experiments performed with 60
MeV helium ions between 288 and 300°C to a damage
level of 0.4 dpa, found that their high purity material
was more susceptible to cracking than their commer-
cial purity material, which contained ten times more
silicon. Other work by Chung et al. [17] with both high
purity and commercial purity neutron-irradiated mate-
rial found that the commercial purity material showed
greater time to failure in slow strain rate tests than the
high purity specimens. While the phosphorus and sul-
fur compositions of the commercial purity material
were not available, the silicon composition was re-
ported, and was two orders of magnitude higher than
that of the high purity alloy. No systematic studies
isolating the role of silicon on IASCC susceptibility
have been reported.

The work reported here examines the role of
chromium, phosphorus, sulfur, and silicon on inter-
granular SCC in high purity water or argon at 288°C
following proton irradiation of ultra high purity 304L
stainless steel and ultra high purity 304L stainless steel
doped with impurity elements. By using alloys with
controlled impurity content, the role of each impurity
element on IASCC can be isolated. Irradiations were
conducted at 400°C to a calculated damage level of 1
dpa in the uniform damage region. The elevated irrad’-
ation temperature of 400°C was chosen to offset the
elevated displacement rate of protons compared to
neutrons, and was based on the theoretically deter-
mined relationship between temperature and displace-
ment rate [1,20). Specimens were examined using scan-
ning Auger electron spectroscopy (AES) and scanning
transmission electron microscopy with energy disper-
sive spectroscopy (STEM /EDS) to quantify the radia-
tion-induced changes in grain boundary composition,
and transmission electron microscopy (TEM) to evalu-
ate the radiation-induced microstructural features. The
observations are correlated with results from constant
extension rate tensile (CERT) tests in high tempera-
ture water.

2. Experimental

2.1. Materials

The alloys investigated were ultrahigh purity (UHP)
type 304L stainless steel and UHP heats doped with
600 wppm (0.11 at%) phosphorus (UHP + P). 200
wppm (0.03 at%) sulfur (UHP + S), 4600 wppm (0.9
at%) silicon (UHP + Si) and 300 wppm (0.14 at%)

5/40 thread 32 mm —
20mm 4
¥
3 . 3 T

thickness=1.5 mm diameter 3.2 mm

52 mm
Fig. 1. Schematic of the SCC test specimens.

carbon (UHP + C) supplied by The General Electric
Co. The base compositions of these alloys, as reported
by General Electric and as determined by electron
microprobe analysis, are shown in table 1. The alloys
were received as approximately 10 mm thick bars and
were solution annealed at 1100°C for 1 h to homoge-
nize the microstructure and microchemistry, with a
resulting grain size of approximately 100-200 pm.
These bars were sectioned and then cold rolled to form
plates approximately 30 mm wide and either 4 mm or 2
mm thick. The 4 mm plates were machined into SCC
specimens with a gage secticn 32 mim long, 2 min wide
and 1.5 mm thick, then mechanically polished using a
Dremel™ hand grinder to 2400 grit, (which led to
variations of up to 5% in the cross sectional area alcng
the gage length) prior to final annealing. The SCC
specimen geometry is shown in fig. 1. The 2 mm thick
plates were cut into specimens 2 mm wide for Auger
specimens, or 4 mm wide for TEM specimens and then
wet polished to 2400 grit prior to final annealing. The
final annealing treatment in a flowing argon atmo-
sphere at 850°C for 1 h (UPH, UHP +Si) or 0.5 h
(UHP + P, UPH + S) recrystallized the alloys to
achieve grain sizes of approximately 10 pm. After
annealing, all specimens were mechanically repolished
with 2400 grit paper and electropolished using a solu-
tion of 60% phosphoric acid, 40% sulfuric acid at a
voltage of 7 to 8 V for 5 min. The UHP + C alloy was
rolled from 10 mm barstock to 4 mm, machined to the
same SCC specimen geometry, solution annealed at
1100°C for 1 h, and subsequently heat treated at 650°C
for 25 h to induce severe grain boundary chromium
depletion due to the formation of chromium carbides.
The same mechanical repolish and electropolish treat-
ment was performed on this specimen as for the other
specimens, bu: it was not irradiated.

2.2. Proton irradiation

Irradiation using 3.4 MeV protons were carried out
in a specially designed stage connected to the General



108 J.M. Cookson et al. / Irradiation assisted stress corrosion of 304L stainless steels

Ionex Tandetron in the Michigan lon Beam Labora-
tory at the University of Michigan. The specimens were
mounted on a copper block with a thin foil of tin
between the specimens and the stage, which was subse-
quently melted to provide good thermal contact. The
nominal temperature of the irradiated surface of the
specimens during irradiation was 400 + 10°C, as moni-
tored via an infrared pyrometer which could be re-
motely controlled to scan across the irradiated region,
thus ensuring temperature uniformity. The pyrometer
was calibrated prior to the irradiation using four ther-
mocouples spot welded to the unirradiated regions of
the specimens. The temperature of the irradiation was
controlled by simultancously heating the stage from
the rear with an electric heating element and cooling
the stage with flowing air, as shown in fig. 2. These
irradiations, conducted at a pressure below 2 X 10™ %
Torr, produced a nearly uniform region of damage
over the first 38 um of the 43 pm proton range, as
calculated by TRIMO90 [21], shown in fig. 3. The total
dose was 1 dpa, with a dose rate in the uniform region
of approximately 7 X 10~® dpa/s at the nominal cur-
rent density of 0.1 p.A/mm?, resulting in an irradiation
time of approximately 40 h. The incident proton beam

Infra red pyrometer
(a

Specimen stage Ceramic isolator
To infra red pyrometer
{b) Copper stage /
] ~|____,; T
7 aperature
3.4 McV proton heam
Heater B L]
Air cooling loop
E— Ceramic standoff

Tin layer between specimens and stage Specimens secured to stage
Fig. 2.(a) The controlled temperature stage used for proton

irradiations. (b) Detail of the controlled temnerature irradia-
tion stage in (a).
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Fig. 3. The damage profile of 3.4 MeV protons in stainless

steel with a nominal beam current density of 0.1 p.A/mm? as
calculated by TRIM90 [20].

was focused down to a spot approximately 6 mm in
diameter with an intensity of approximately 40 pA.
and then rastered across the specimens. Half of the
beam was overscanned onto a tantalum aperture, re-
sulting in a 10 mm by 16 mm uniformly irradiated
region on the specimens. No visible surface changes
were observed. Subsequent post-irradiation beta parti-
cle counting using a Tennelec LB 5100 automated
alpha/beta counter was used to ensure the uniformity
of the irradiation across all of the specimens. The
specific activity of these specimens typically varied by
less than 8% for a 7-sample irradiation. Any tin re-
maining on the unirradiated side of the SCC specimens
was removed by mechanica! polishing and clectropol-
ishing for 3 min using he previously mentioned solu-
tion. This final electropolish removed approximately
10-15 pm from the irradiated surface, reducing the
thickness of the irradiated region from 40 pm to be-
tween 25-30 pm.

2.3. Auger electron spectroscopy

Auger electron spectroscopy (AES) was performed
to quantify grain boundary composition following irra-
diation of thc UHP, UHP + P and UHP + S alloys.
Samples were cathodically charged with hydrogen fol-
lowing the procedure of Briant [22] and fractured in
situ in a Perkin Elmer (PHI) 660 scanning Auger
microprobe chamber at approximately 0°C by bending
the specimens at a slow rate so that the samples failed
after approximately 5 min. Intergranular fracturc was
achieved to a depth of approximately 40 wm on the
irradiated face of all alloys except UHP + Si, and also
on the unirradiated face of the UHP + P alloy. As the
UHP + Si specimens could not be fractured intergran-
ularly, no Auger analysis was performed on this alloy.
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Spectra of intensity versus Auger electron energy were
initially collected in survey mode to identify all of the
elements present on the exposed grain boundaries.
Subsequent data was acquired using multiplex mode,
scanning only the energy intervals of the elemental
peaks. The iron, chromium and nickel peaks were
collected for all the alloys analyzed, with the peaks for
phosphorus or sulfur included as well for the UHP + P
or UHP + S doped alloys, respectively. Contamination
by carbon and oxygen was monitored continuously
throughout the data acquisition by including the ele-
mental peaks for both elements in the multiplexed
acquisitions. Data collection was terminated when the
carbon and/or oxygen peaks became distinguishable
from the background noise, with estimated concentra-
tions below 5 at%. All spectra were acquired using a
beam energy of 10 keV and a current of 5 nA at a
pressure below 7x 107 ° Torr. Auger spectra were
converted to atomic concentrations using a standard
routine which normalized peak heights and accounted
for the Auger electron sensitivities of each element of
interest [23]. Details of the cxperimental procedure
have been described previously [24,25].

2.4. Transmission electron microscopy

Three-millimeter disk samples for STEM analysis
were cut from the irradiated specimens using a slurry
drill core cutter, mechanically back-thinned to a thick-
ness of approximately 100 pm, and then thinned to
electron transparency by jet polishing. The solution
used for jet thinning was 80% ethanol, 209 perchloric
acid at a constant voltage of 120 V c:1 a temperature
of —55°C. Microstructural analysis was performed us-
ing a JEOL 2000FX STEM/TEM, a Philips EM420
TEM, and a Philips CM12 STEM /TEM at the Univer-
sity of Michigan Electron Microbeam Analysis Labora-
tory (EMAL). Microchemical analysis via STEM was
performed on a Philips EM400T-FEG/STEM at Oak
Ridge National Laboratory. EDS analysis in the
EMA400T-FEG used a 2 nm incident probec in STEM
mode in regions of the sample less than 100 nm thick.
The grain boundary compositions were determined by
averaging at least 12 measurements for each irradiated
specimen. In addition, composition profiles of each
element were determined across two grain boundaries
which displayed significant segregation.

Microstructural analysis was performed using stan-
dard techniques to determine the dislocation network
density, the dislocation loop size and character, loop
density, and the black dot density. The details of these
analyses have been described previously [25].

2.5. Constant extension rate tensile tests

High temperature constant extension rate tensile
(CERT) test were conducted to evaluate the SCC
behavior of the specimens. These tests were performed
in a titanjum autoclave capable of straining four speci-
mens in parallel, which provided identical conditions
within a given test. The load on each specimen was
independently monitored. Except for the first test se-
ries, samples tested in the CERT setup together were
irradiated together. In our notation, tte irradiation
batch number follows the sample designation; UHP/X
for batch X. When two or more specimens from the
same heat were irradiated together, a letter follows the
designation, e.g., UHP/Xa, UHP/Xb. CERT experi-
ments in water were performed at 288°C with an initial
strain rate of 3.6 X 10”7 s~!. The dissolved oxygen
concentration was 2 ppm for all but the first and
second tests and was controlled by continuously bub-
bling a mixture of 5% oxygen in argon through a glass
mixing column, which acted as the water reservoir.
Inlet and outlet conductivity were monitored and con-
trolled via automatic additions of dilute sulfuric acid so
that the outiet conductivity was maintained at 0.5
uS/cm. The solution was deionized and then returned
to the mixing reservoir to minimize wastage. The setup
is shown in fig. 4. The corrosion potential was not
monitored during these experiments, but is estimated
+ 150 mVg, based on the reiationship between the
solution conductivity, oxygen concentration, and elec-
trochemical potential for type 304 stainless steel in
288°C water [1].

The conditions in the water tests were chosen to
provide an environment which was aggressive enough

Makeup
water Deionizer Deionizer
l
|
g -
Cond. Autoclave
Mixing =
Column | 1o, ] [Heat Paralle]
meter Exchanger Straining of
metering Cond! specimens
pump cell !
Pump

5% 0, /Ar  dilste  recirculating

mix H,SO, pump
Fig. 4. Schematic of the CERT test facility.
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to achieve a sufficient degree of discrimination be-
tween microstructures. A preliminary experiment to
establish the severity of the water environment was
pcrformed on a UHP + C specimen in the unirradi-
ated, sensitized condition. CERT tests were also per-
formed in argon at 288°C in the same autoclave with
an initial strain rate of 3.6 X 107 s~ to evaluate the
role of the environment on the observed cracking,
while two specimens were tested in room temperature
air at an initial strain rate of 3.6 X 107 s ! to evalu-
ated the role of injected hydrogen on the observed
cracking.

After each CERT test was completed, the fracture
sviiace, the irradiated surface and the unirradiatcd
surfaces of each specimen were examined for evidence
of intergranular cracking. Comparison between the ir-
radiated face and the unirradiated face of the speci-
mens were significant as these surface were identical
apart from the irradiation, so that any diffcrences
could be directly attributed to the irradiation. The
susceptibility of the irradiated specimens to IASCC
was assessed via the number of cracks in the irradiated
r=gion, the elongation at failure, the location and mode
of failure, and the prominence of slip steps in the
irradiated region.

3. Results
3.1. Microchemical analysis
The results of both the Auger and the STEM /EDS

analysis are presented in table 2. The number of meas-

Table 2

urements per sample, number of samples and number
of irradiation batches for these samples are given in
this table for each alloy and condition analyzed. Signif-
icant amounts of chromium depletion and nickel en-
richment were observed at the grain boundaries in all
the irradiated alloys. Auger results revealed grain
boundary chromium depletion from the bulk concen-
tration (as determined by microprobe) of 20.7 at% to
17.2 at% in the UHP alloy, while grain boundary
depletion from 21.0 at% to 15.0 at% was found in the
irradiated UHP + P alloy and from 20.9 at% to 15.0
at% in the irradiated UHP + S alloy. Phosphorus en-
richment to 5.3 at% was observed on the unirradiated
UHP + P grain boundaries and 8.7 at% on the irradi-
ated UHP + P grain boundaries. The phosphorus en-
richment on the unirradiated boundaries resulted from
the recrystallization anneal at 850°C. In the UHP + S
specimens, on orly 3 out of the 41 boundaries exam-
ined was sulfur segregation observed (to approx. 1.6
at%).

The STEM/EDS measurements confirmed the
trend found via Auger for the UHP and the UHP + P
irradiated alloys, with less grain boundary chromium
depletion from the bulk concentration (20.7 at% to an
average of 17.3 at%) found for the irradiated UHP
specimen than the chromium depletion (21.0 at% to an
average of 16.5 at%) found for the irradiated UHP + P
specimen. The STEM/EDS grain boundary profiles
fo r the irradiated UHP + Si specimen indicate a grain
boundary chromium depletion from the bulk concen-
tration of 20.< at% to an average of 14.4 at%. Impurity
segegation was found in both alloys with elevated im-
purity element concentrations; phosphorus segregation

Summary of the grain boundary compositions of the UHP, UHP + P, UHP + Si and UHP + S alloys after irradiation, as determined
by either Auger or STEM, in atomic percent. Errors are given as the standard deviation of the mean ?

Alloy Analysis Number of Number Number Iron Chromium Nickel Phosphorus Sulfur Silicon
method measure-  of of
ments samples batches

UHP irrad. Auger 31 5 3 699+0.7 17.2+0.7 129+0.3 ND ND ND
UHP irrad. STEM/EDS 26 2 2 715403 17.1+0.1 11.0+02 ND ND ND
UHP + P unirrad. Auger 8 4 2 643+1.0 21.7+0.7 88+0.5 53+04 ND ND
UHP+P irrad. Auger 34 7 3 625+0.7 150+04 138+05 87+04 ND ND
UHP+Pirrad. STEM/EDS 12 1 1 68.7+0.2 17.1+04 124+03 1.8+0.1 ND ND
UHP+Siirrad. STEM/EDS 27 1 1 69.7+0.2 148+0.2 128+03 ND ND 3.2+0.2
UHP+S irrad. Auger 42 R 2 69.3+0.5 150+05 155+05 ND ND ND
UHP + S irrad. STEM/EDS 18 | 1 714402 16.1+0.2 12.0+02 ND ND ND

2 ND: none detected.
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to 14 at% in the UHP + P specimen, and silicon
segregation to 3.2 at% in the UHP + Si specimen. The
average of the two grain boundary profiles determined
from two boundaries with significant segregation in
each of the irradiated UHP, UHP + P and UHP + Si
specimens are shown in fig. 5. The deviations from the
bulk compositions at the grain boundary for the alloys
as determined via both Auger and STEM/EDS are
shown in fig. 6.

3.2. Microstructural analysis

The unirradiated microstructures were very similar
to each other, with average grain diametcrs of 10-12
pm for the UHP alloy, 7-9 pm for thc UHP + P,
UHP + S and UHP + Si alloy, which did not change
under irradiation. Before irradiation the network dislo-
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Fig. 5. Grain boundary composition profiles for th UHP,

UHP +P and UHP +Si alloys after 3.4 MeV proton irradia-

tion at 400°C to a damage level of 1 dpa, determined by
STEM/EDS.
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for the UHP, UHP + P, UHP + Si and UHP + S ailoys after 3.4
MeV proton irradiation at 400°C to a damage level of 1 dpa,
determined by both Auger and STEM/EDS. (Al values
shown here are raw measurements.) Note that the trends in
the segregation behavior identified by Auger are confirmed by
STEM/EDS. although the magnitudes vary.

cation density was 1.6 X 10'* m~2 in the UHP alloy,
and approximately the same in the UHP + P, UHP + S
alloys and UHP + Si alloys. No dislocation loops w:re
present before irradiation. A typical microstructure of
the annealed specimens is shown in fig. 7a. The ob-
served microstructural changes due to irradiation are
summarized in table 3. The dislocation microstructure
was dramatically affected by the irradiation, as shown
in fig. 7b. After irradiation the network dcnsities in-
creased to 2 X 10" m~2 (UHP), 2% 10"* m~* (UHP
+P), 2%x10”® m~2 (UHP+S) and 1Xx10"* m™?
(UHP + Si). The dislocation loop densities were 6 X
10 m~* (UHP and UHP + P), 9 X 10>! m~* (UHP +
S), and 1X 102 m~* (UHP + Si) after irradiation.
Eighty five percent of the loops were faulted with &
= 1(111). The remainder were unfaulted perfect loops
with b= 1(110). The average faulted loop sizes were
16 nm (UHP), 27 nm (UHP + P), 14 nm (UHP +S),
and 10 nm (UHP + Si). Only interstitial loops were
observed. Black-dot damage was observed in zll the
irradiated alloys, with densities of 7 x 10*' m~* (UHP),
8% 102 m~? (UHP + P), 9.6 X 10°' m~* (UHP + ),
and 1.3 X 10*' m 3 (UHP + Si).

No voids were seen in any of the irradiated speci-
mens. TEM also revealed two precipitate types that
were present in all samples: spinel and an Fe-Cr rich
particle. These particles were prescnt in the as-re-
ccived material, were not removed by the solution
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anneal and were not affected by irradiation. As dis-
cussed in reference [25], these microstructural features
are consistent with those reported in other microstruc-
tural studies of stainless steel irradiated with neutrons
to comparable damage levels and at temperatures simi-
lar to light water reactors.

3.3. IASCC experiments

3.3.1. Water tests

The first test was conducted on a highly sensitized
(650°C /25 h) carbon containing specimen, UHP + C to
verify the aggresiveness of the saiapie-environment
combination, for which many results exist [1,9-12]. The
test resulted in complete intergranular fracture of the
UHP + C specimen at a strain of 11%. This test was
conducted simultaneously with a UHP specimen, which
remained uncracked to a strain of 18%, at which point
the test was stopped.

A total of five CERT tests on two to three samples
per test were conducted in water using UHP, UHP + P,
UHP +S and UHP + Si alloys originating srom five
separatc proton irradiations. A summary of the results
of the CERT tests is shown in table 4. In each test, the
irradiated UHP specimens demonstrated significantly
more intergranular cracking than the irradiated UHP
+ P, UHP + S or UHP + Si specimens, as shown in fig.
8. An average of 20 intergranular cracks extending
across the specimen were found in the irradiated re-
gion of the four UHP specimens tested in the 0.5
uS/cm ~onductivity water, while 23 transverse inter-
granular cracks were found in the irradiated region of

Fig. 7.(a) Bright field TEM micrograph of the dislocation

morphology in the UHP + P alloy after annealing at 850°C for

0.5 h. (b) Bright field TEM micrograph of the dislocation

morphology in the UHP + Si alloy after annealing at 850°C for
1 h followed by irradiation with pr.stons at 400°C to 1 dpa.

the UHP /3 specimen tested in 0.25 uS /cm water. The
lower conductivity apparently had little impact on the
number of intergranular cracks in the irradiated region
of specimen UHP /3.

The irradiated volume had little reduction in area

Table 3

Summary of the microstructural features observed in the UHP, UHP+ P, UHP +Si and UHP +S irradiated alloys after 3.4 MeV
proton irradiation at 400°C to 1 dpa

Alloy Grain Network Loop type Loop Faulted loop Black dot Precipitates
size density density size density present
(pnm) (m~2?) (m~%) (nm) (m~)
UHP unirrad. 10to 12 1.6x10" None None None None Spinel, a-ferrite
UFEP irrad. 10to 12 22x10%" 85% faulted 5.6x102! 16+ 9 6.7x10% Spinel, a-ferrite
UHP +P irrad. 7t09 20x10"  85% faulted  5.7x10%'  27+13 8.0x10%"  Spinel, a-ferrite
UHP +Si irrad. 7t09 9.8x10'  85% faulted  1.0x102 10+ 7 13%x10%2  Spinel, a-ferrite
UHP +S irrad. 7t09 20x10% 85% faulted  9.4%x 10! 14+ 8 9.6 102! Spinel, a-ferrite
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Table 4

Summary of the CERT tests performed

Specimen Irrad. CERT Environment *  Elongation Number of IG Location Slip step
number number at failure cracks in irradiated  of failure ® formation ©

(%) region

UHP+Csens Unirrad. 1 Water 11.5 Unirrad. Central

UHP unirrad ~ Unirrad. 1 Water 18 Unirrad. Test halted

UHP unirrad Unirrad. 2 Water 23 Unirrad. Ends

UHP/2 2 5 Water 134 24 Irradiated region 2

UHP/3 3 6 Water (0.25) 16.5 23 Irradiated region 2

UHP/4a 4 74 Water 12.6 14 Irradiated region 2

UHP/5 5 8 Water 13.1 20 Irradiated region 2

UHP/6 6 9 Water 13.1 18 Irradiated region 2

UHP+P/2 2 5 Water 18 10 Irradiated region 3

UHP+P/3 3 6 Water (0.25) 23 1 Unirrad region 3

UHP+P/4 4 7¢ Water 28 1 Unirrad region 3

UHP+P/S S 8 Water 25 5 Unirrad region 3

UHF+S/3 3 6 Water (0.25) 12.7 1 Irradiated region 2

UHF+S/4 4 749 Water 23 1 Unirrad region 3

UHP+S/5 5 8 Water 11.6 2 Irradiated region 2

UHP+Si/6a 6 9 Water 27 3 Unirrad region 4

UHP+Si/6b 6 9 Water 25 4 Unirrad region 4

UHP unirrad. Unirrad. 10 Argon 25 Unirrad. Ends 1

UHP/4b 4 10 Argon 27 None Unirrad 4

UHP/7a 7 11 Argon 22 None Unirrad 4

UHP+P/7 7 11 Argon 25 None Unirrad 4

UHP unirrad.  Unirrad. 12 25°C air 51 Unirrad. Ends Not resolvable

UHP/7b 7 12 25°C air 48 None Unirrad Not resolvable

2 Water tests: 288°C water at 0.5 uS/cm (unless noted), 2 ppm oxygen conc., at an initial strain rate of 3.6 10~7/s: argon tests:
288°C purified argon, at an initial strain of 3.6 X 20'7/5; 25°C air tests: room temperature air at initial strain rate of 3.6 X 1079 /s.

® All samples which failed in the irradiated region had IG cracking which led to sample failure.

¢ Slip step formation: 1 = very small, 4 = very pronounced.

9 CERT test held at high temperature for 300 h before straining.

Fig. 8. Typical surface of a specimen (UHP /4a) irradiated with 3.4 MeV protons at 400°C to 1 dpa, after a CERT test in 2 ppm
water at 288°C with an initial strain rate of 3.6x10~7 s~!. A total of 14 intergranular cracks were found in both halves of the
irradiated region, and none in the unirradiated region.
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compared to the unirradiated volume of the specimen,
which resulted in distortion of the fracturc surface as
shown in fig. 9a. Intergranular cracking within 25-30
pm of the surface was found in the irradiated region,
corresponding to the thickness of the irradiated region
following electropolishing, as shown in fig. 9b. Beyond
this intergranular region, transgranular cracking oc-
curred, followed by ductile, dimpled fracture where
final overload took place.

The stress-strain curves from the CERT tests of the
irradiated and unirradiated UHP specimens in fig. 104
indicate a consistent elongation at failure of approxi-
mately 13% for four irradiated UHP specimens tested

Irradiated

in 0.5 pS/cm conductivity water. Specimen UHP/3,
tested in water with a conductivity of 0.25 pS/cm had
an elongation at failure of 17%. The unirradiated UHP
specimen failed at 23% elongation, and no cracking
was found on the surface of this specimen.

The amount of cracking found in the irradiated
UHP + P specimens was significantly lower than that
of the irradiated UHP specimens. The stress-strain
curves from the CERT tests of the irradiated UHP + P
specimens in fig. 10b indicate that of the four .rradi-
ated UHP + P spccimens, three had elongations of
23% to 27%, comparable to the unirradiated UHP
specimen tested in water. Although there were be-

surface
."_ -

: 1—\_ IG cracking
I
TG cracking
Ductile
failure

Fig. 9.(a) Fracture surface of a specimen (UHP/3) irradiated with 3.4 MeV protons at 400°C to 1 dpa, which failed below 20%.

?fter.a CERT test in 2 ppm O, water at 288°C with an initial strain rate of 3.6 107 s~ !, Intergranular cracks were initiated in the

irradiated region, and propagated as transgranular cracks through the bulk, leading to ductile failure. (b) Enlargement of the

fracture surface in (a) which revealed intergranular cracking in the irradiated region, corresponding to the 43 wm range of the
protons, less the 10 to 15 wm removed via electropolishing.
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tween one and five intergranular cracks in the irradi-
atea region of thesc specimens, none failed in the
irradiated region. The remaining specimen UHP + P/2
failed significantly below the elongation at failure of
23% for the unirradiated UHP CERT test. This speci-
men had ten cracks in the irradiated region, one of
which propagated and led to failure.

The two irradiated UHP + Si specimens tested to-
gether in water failed at elongations of 25 to 27%,
greater than that of the unirradiated UHP specimen as
shown in the stress strain curves in fig. 10c. Although
both had three or f~ - intergranular cracks in the
irradiated region, these cracks did not propagate, and
neither of these specimens failed in the irradiated
region.

The cracking susceptibility of the UHP + S speci-
mens was difficult to characterize from our tests. The
stress-strain curves for tne irradiated UHP + S speci-
men CERT tests in fig. 10d indicate rather inconsistent
results ir. terms of the elongation at failure. Two speci-
mens failed within the irradiated region at less than
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13% elongation, but specimen UHP + S /4 failed out-
side the irradiaied region at 23% elongation. This test
was complicated because the sample was kept at the
test conditions for approximately 300 h (due to difficul-
ties with the equipment) prior to straining and oxide
ledges consistent with spalling of oxide film were found
on both cnds of the UHP + S/4 specimen after the
test, while the intcrgianular crack observed was filled
with oxide. Hence, oxidation may have been a factor
with the UHP + S/4 specimen. In all three of the
irradiated UHP + S specimens tested, the number of
intergranular cracks in the irradiated region was low,
either one or two. This contrasted with the average of
20 at comparable strains in the irradiated region of the
UHP specimen.

Within each alloy group, both the number of cracks
and the elongation at failure fell within a small range
of values, as shown in fig. 11. The exception to this was
the large range of the elongation to failure of the three
irradiated UHP + S specimens. With the exception of
the two UHP + S specimens which failed at low elon-
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Fig. 10. Stress strain curves from CERT tests in 288°C water with 2 ppm O, with an initial strain rate of 3.6 X 1077 s~ % (a) UHP,
(b) UHP +P. (c) UHP + Si, 5nd (d) UHP +S.
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Fig. 11. Average number of cracks versus average elongation
at failure for the UHP, UHP+P. UHP+Si and UHP+S
specimens irradiated with 3.4 MeV protons at 400°C to 1 dpa
th.n CERT tested in 0.5 pS/cm, 2 ppm O, water at 288°C
with an initial strain rate of 3.5%10~7 s~ . The lines cover
the range of thc number of cracks and the elongation at
faiture for all specimens from a given alloy. The number of
irradiated specimens tested, and the number which failed in
the irradiated region from each ailoy follows the alloy label.

gations, the number of cracks found in the irradiated
region of the CERT specimens tested in water de-
creased with increasing elongation at failure. Both
reduction in elongation at failure and the number of

cracks indicate susceptibility of an irradiated ailoy to
SCC.
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Fig. 12. Stress strain curves fiom the CERT tests, irradiated

UHP and UHP+P and unirradiated UHP in argon with an

initial strain rate of 3.6x 10”7 s~ !, and irradiated and unirra-

diated UHP in room temperature air with an initial strain rate
of 36x10° s~

3.3.2. Inert environment tests

Three CERT tests on samples originating from two
irradiations were conducted in inert environments, two
in 288°C argon, and one in room temperature air. No
cracking was found on any specimens tested in 288°
argon, whether irradiated or unirradiated. The results
of these CERT tests are summarized in table 4. The
stress-strain curves, shown in fig. 12, indicate that the
elongations at failure for all these specimens exceeded

¥ >0 irrad.
.—E—"h 23 % elong.

Fig. 13.. Surface ‘slip behavior following CERT tests in 2 ppm O, warer at 288°C with an initial strain rate of 3.6x10"7 s™'; (a)
unirradiated region of UHP + P /7 in argon 25% elongation at failure; (b) irradiated region of UHP + P /7 in argon, 25% elongation
at failure; and (c) irradiated region of UHP + P /3 in water, 23% elongation at failure.
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Fig. 14. Number of cracks present in the region of the

specimens irradiated with 3.4 MeV protons at 400°C to 1 dpa

after CERT tests in 2 ppm O, at 288°C water with an initial

strain rate of 3.6 10~ 7 s~ !, versus the degree of deformation

(as slip step coarseness rating. 1= very fine, 4= very pro-
nounced).

22% and averaged 25%, comparable to the elongation
at failure of 23% for the unirradiated UHP specimen
tested in water. The irradiated specimen UHP/4b
tested in argon had been irradiated along with
UHP /4a, which cracked severely in the CERT test
under identical conditions except for the presence of
the water.

No intergranular cracking was observed on either
the irradiated or the unirradiated specimens strained
simultaneously at an initial strain rate of 3.6 X 10-°
s~ ! in room temperature air. The stress-strain curves
for these specimens, shown in fig. 12, indicate elonga-
tions at failure exceeding 45% for both specimens.
After testing, these two specimens were highly magne-
tizable, as opposed to all of the specimens tested at
elevated temperatures, indicating that substantial
transformation to i.. -iensite had occurred due to the
low temperature straining of this specimen.

3.3.3. Surface features of deformed irradiated specimens

The specimen surface in the unirradiated regions of
all irradiated specimens roughened as deformation
proceeded, typified by the uneven surface of the UHP
+ P /7 specimen tested in argon, shown in fig. 13a.
However, the hardening due to irradiation led to con-
centrated slip and the formation of slip steps as well as
surface roughening in the irradiated region of the same
specimen, as shown in fig. 13b. These features were
less distinct due to the presence of oxide on the speci-
mens tested in watcr, but were still resolvable, as

shown in fig. 13c. The prominence of slip steps was
characterized (1 = very small and 4 = very pronounced),
on the irradiated surface of the specimens tested, and
negative correlation was found with the number of
cracks present, as shown in fig. 14. The greater the
deformation in the irradiated region, as indicated by
how pronounced the slip steps were, the lower the
number of cracks present. Agan. the two irradiated
UHP + S specimens which cracked at low elongations
were the exception to this correlation.

4. Discussion

The most important result from this study is the
observation that proton irradiation induced intergranu-
lar cracking in high purity 304L stainless steel in high-
temperature water. The water environment was neces-
sary for cracking to occur, as demonstrated by the
absence of cracking in the irradiated region in the inert
environment tests. As the irradiation of these speci-
mens is intended to model the post irradiation mi-
crostructural and microchemical damage generated by
neutrons under light water reactor conditions, the
presence of cracking is of particular interest.

The role of chromium depletion in IASCC can be
assessed by comparing the cracking susceptibility of the
irradiated UHP specimens tested in water at 288°C to
that of the unirradiated UHP specimen in the same
environment. Severe cracking was found in the irradi-
ated UHP specimens, where the chromium concentra-
tion at the grain boundary was depleted from the bulk
concentration of 20.7 at% to 17.2 at% (Auger) or 17.3
at% (STEM/EDS). In the absence of grain boundary
chromium depletion, no cracking was observed in the
unirradiated UHP specimen. The measured grain
boundary concentration in the irradiated UHP a:loy is
apparently rather high for such severe cracking to
occur, when compared to concentraticns of 15 at%
required to cause significant cracking in thermally sen-
sitized material [9). However, the simultaneous radia-
tion damage may act to raise the threshold concentra-
tion of grain boundary chromium at which intergranu-
lar SCC occurs. While it is likely that chromium deple-
tion is necessary for cracking to occur, grain boundary
chromium concentrations lower than those fcund in
the UHP alloy were presert in the UHP+P and
UHP + Si alloys which were less susceptible to crack-
ing. These results indicate that chromium depletion
alone does not control the cracking process.

The role of phosphorus in IASCC can be examined
by comparing the IGSCC susceptibility of the irradi-
ated region to the unirradiated region of a UHP + P
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specimen. The grain boundary phosphorus concentra-
tion in the unirradiated region due to thermal segrega-
tion of 5.3 at% was comparable to that found in the
irradiated region of 8.7 at%, with both being over 50
times greater than the bulk concentration. The grain
boundary phosphorus concentration of 5.3 at% in the
unirradiated region of the UHP + P specimens did noi
induce cracking, indicating that the presence of phos-
phorus alone does not cause cracking. This is consis-
tent with the previously mentioned results of Andresen
and Briant [4,5]. The grain boundary chromium con-
centration of 15.0 at% (Auger) in the irradiated UHP
+ P specimen was lower than that of the grain bound-
ary chromium concentration of 17.2 at% (Auger) in the
irradiated UHP specimen, which cracked profusely. If
phosphorus had no effect, or enhanced cracking, then
even more cracks would be present due to the lower
chromium concentration. However, the irradiated
UHP + P specimens cracked much less than the irradi-
ated UHP specimens, indicating that phosphorus is
actually beneficial. Similar results were reported by
Fukuya et al [8] in tests with high purity heats, where
50% IGSCC and an elongation at failure of 12% was
found in a high purity specimen, compared to 13%
IGSCC and an elongation at failure of 24% in a high
purity specimen containing 0.0035 wt% phosphorus.
The role of silicon in IASCC can be assessed by
comparing the cracking found after high temperature
tests in the irradiated UHP + Si specimens with that
found in the irradiated UHP specimens. Along with
enrichment of the grain boundary silicon concentration
te 3.2 at% (STEM/EDS) in the irradiated UHP + Si
specimens we observed reduced cracking in the irradi-
ated region, and increased elongation at failure when
compared to the irradiated UHP alloy. These parame-
ters indicate that the UHP + Si specimens were less
susceptible to IGSCC than the irradiated UHP speci-
mens, in a manner similar to that of the irradiated
UHP + P specimens. The grain boundary chromium
concentration as determined by STEM /EDS was sig-
nificantly lower in the irradiated UHP + Si specimens
(14.4 at%) tiian it was in the irradiated UHP speci-
mens (17.3 at%), and the dislocation loop and black-dot
densities were higher, yet the cracking susceptibility
was apparently lower in the irradiated UHP + Si speci-
mens. Thus the presence of silicon was apparently
beneficial as it offset the detrimental effect expected
due to the reduced chromium concentr:tion. Little
data is available for comparison, as no stulies isolating
the effect of silicon have been published. However,
these results agree with those from Chung et al. [17]
for neutron irradiated stainless steel, which suggested

greater IGSCC resistance in a commercial purity alloy
with a higher silicon concentration than a high purity
alloy. They disagree with the earlier results of Jacobs
et al. [16] which implicated silicon as detrimental in
neutron irradiated stainless steel. As neither of these
investigations could isolate the role of silicon, the pres-
ent work is the first to suggest a beneficial effect of
silicon in irradiated stainless steel.

The role of sulfur in the IASCC process could be
examined by comparing the cracking susceptibility of
the irradiated UHP + S specimens to the irradiated
UHP specimens. However, the cracking susceptibility
of the irradiated UHP + S specimens was not clear
from these results, with two UHP + S specimens failing
at low elongations (comparable to those of the irradi-
ated UHP specimens), and the third failing at high
elongation. It is possible that the high eiongation speci-
men was compromised by the experimental problems
previously mentioned. As the number of intergranular
cracks in the irradiated region was low in all three
specimens, the inte;granular cracking susceptibility in
the irradiated region is apparently low for this alloy.
However, the transgranular cracking susceptibility
seems comparable to the irradiated UHP alloy, such
that failure occurs at elongations much lower than the
unirradiated UHP specimen. The irradiated UHP + S
specimens are the only ones in which the degree of
intergranular cracking (determined by number of
cracks) is inconsistent with the degree of transgranular
cracking (determined by the reduction in elongation).
Thus, there is insufficient data to conclusively identify
an effect of sulfur in the present work.

Hydrogen remaining from the proton irradiation did
not contribute significantly to the cracking found in the
water tests, as suggested by the absence of cracking in
the irradiated region of the irradiated UHP and UHP
+ P specimens tested in argon at high temperature or
ihe irradiated UHP specimen tested in room tempera-
ture air. As the sensitivity of stainless steel to hydrogen
cracking becomes greater with decreasing temperature,
the absence of cracking at room temperature is espe-
ciaily significant. Further, the presence of phosphorus
at the grain boundaries in hydrogen charged 316 stzin-
less steels greatly enhanced cracking in CERT tests
pe-formed at cathodic potentials in IN H,SO, at room
terperature, as found by Bruemmer et al. [26]. In our
alloys, intergranular fracture in the unirradiated region
was achieved at 0°C in only the hydrogen charged
UHP + P Auger specimen, and not in hydrogen charged
Auger specimens from the other alloys. These observa-
tions tend to support the contention that intergranular
cracking would have been more severe in the irradi-
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ated UHP + P specimens if hydrogen were a significant
part of the cracking process. However, the lower
amount of cracking after high temperature water SCC
tests in the irradiated UHP + P specimens compared
to cracking in the irradiated UHP specimens strongly
suggests that hydrogen was not an important part of
the cracking process during the high temperature wa-
ter tests.

The hardening of the microstructure due to radia-
tion-induced damage clearly had important implica-
tions for the deformation of these irradiated alloys.
Prominent slip steps were found in the irradiated re-
gion of the highly deformed specimens which experi-
enced minimal cracking, indicating that dislocation
glide was confined to a relatively low number of pre-
ferred crystallographic planes. Such inhomogeneous
slip is caused by the elimination of the irradiation
induced microstructural defects by dislocation motion
along specific planes, resulting in subsequent slip along
these planes, or dislocation channeling [27]. The slip
steps were less prominent in the irradiated specimens
which exhibited severe cracking. This was due to two
factors; the lower elongation experienced by these sam-
ples and the relief of stress in the irradiated layer
caused by the extensive cracking. The greater degree of
concentrated slip in the samples which experienced
less cracking implies that dislocation channeling was
not directly involved in the stress corrosion cracking of
irradiated specimens. As cracking was not found on the
irradiated UHP specimens strained in high tempera-
ture argon, hardening alone was not sufficient to cause
cracking.

The severity of the cracking found in the irradiated
UHP specimens at a higher grain boundary chromium
concentration than that required for cracking in ther-
mally treated material suggests that the increased sus-
ceptibility may be attributed in part to the difference in
the hardness of the microstructure between the unirra-
diated and irradiated specimens. In an attempt to
reproduce the microstructure and grain boundary
chemistry due to irradiation, Jacobs [28} pcrformed
CERT tests in 2.5 pH water at 288°C on cold worked
specimens with various thermal treatments designed to
segregate phosphorus to the grain boundaries, and
found up to 10% intergranular cracking. While these
experiments indicate that hardening with phosphorus
segregation can increase the cracking susceptibility of
stainless steel specimens, the nature of the microstruc-
ture due to cold work is quite different from that due
to irradiation, and the validity of comparing these
experiments to those using irradiated specimens is un-
clear.

The microstructural variations between the irradi-
ated alloys were apparently minor, with dislocaticn
loop and black dot densities varying by approximately a
factor of two over the four alloys examined. At present,
there is no information relating the sensitivity of the
cracking found to the variations in these parameters
and it is difficult to attribute the differences in the
severity of cracking to differences in the microstructure
between the irradiated alloys.

As only 2% of the specimen thickness was irradi-
ated, the microstructure was not homogeneous through
thickness, and the measured strain at failure was not
necessarily related to the IASCC susceptibility of the
irradiated region. The cracking susceptibility of the
irradiated specimens was principally assessed by the
number of cracks in the irradiated region. Since the
proton penetration depth is only 2% of the sample
thickness, any effect of irradiation on the mechanical
properties or intergranular cracking susceptibility was
expected to be confined to the near-surfacc regions.
This is confirmed by the large number of surface
intergranular cracks on the irradiated specimens which
extend only to the proton penetration depth. The strik-
ing difference in lateral contraction of the irradiated
surface in fig. 9a is also expected from many studies on
ion implantation which have shown that surface hard-
ening (0.1-1 pm depth) can strongly affect the the
nature of surface deformation [29,30]. However, the
correlation of elongation at failure, (a bulk property),
with the degree of cracking was not expected. As
observed in fig. 10a—d, the initial stress—strain behav-
ior of the irradiated specimens is not significantly dif-
ferent from their unirradiated counterparts because
the bulk of the cross section (98%) was not affected by
irradiation. But it appears that final failure is governed
by the nucleation and propagation of the transgranular
crack below the intergranular crack. Apparently, nu-
merous intergranular cracks increase the probability of
transgranular cracking, the propagation of which deter-
mines the elongation at failure. Therefore, the total
clongation at failure appears to be related to the
intergranular cracking susceptibility of the irradiated
region, due to the nucleation and propagation of sub-
sequent transgranular cracks in the bulk.

S. Conclusions

(1) The irradiation of uitrahigh purity (UHP) 304
stainless steel with 3.4 MeV protons caused severe
intergranular crackirg in CERT tests in high purity
water at 288°C. The absence of cracking i~ identical
specimens after argon CERT tests at 288°C demon-



120 J.M. Cookson et al. / Irradiation assisted stress corrosion of 304L stainless steels

strated that the environment was critical for cracking
to occur. The presence of implanted hydrogen from
the proton irradiation does not appear to contribute to
the cracking observed in the irradiated specimens.

(2) Chromium depletion at the grain boundaries
occurred in all of the irradiated alloys, whether un-
doped or doped with phosphorus, silicon, or sulfur.
Although the irradiated alloys doped with phasphorus
or silicon had lower grain boundary chromium concen-
trat.ons than the irradiated UHP alloy, the cracking
found in the doped specimens was not as severe as the
cracking found on the undoped specimens. Thus it is
likely that chromium depletion is necessary for crack-
ing to occur, but does not alone determine the cracking
susceptibility.

(3) The high grain boundary concentration of phos-
phorus in the irradiated UHP + P alloy, or silicon in
the irradiated UHP + Si alloy, correlates with lower
grain boundary chromium and less intergranular crack-
ing. suggesting that these clements may be beneficial
by :nitigating the effect of chromium depletion.

(4) Although no sulfur segregation due to irradia-
tion was found, the presence of sulfur correlates with
less intergranular cracking, but the effect on the elon-
gation at failure was not clear. Thus the role of sulfur
could not be isolated from this study.

(5) The hardening of the microstructure in the irra-
diated alloys was clearly linked to the deformation of
the irradiated specimens, and may contribute to the
differences in the cracking behavior between the alloys.
However, the observed variations in the irradiated mi-
crostructures did not suggest an obvious link between
cracking and microstructure.
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